Estimates of the size and copy number of the retrotransposons in a 240 kb region flanking the adhl gene of maize suggest that 33-62 % of the maize genome is composed of the high copy-number retrotransposons found in this region. An additional 16% of the maize genome is estimated to be composed of middle and low copy-number retrotransposons. The sorghum genome, which is more than three-fold smaller than the maize genome, does not have any detected copies of the maize retrotransposons in a region orthologous to that of maize adhl. Thus, it appears that retrotransposons have increased the size of the maize genome two-to five-fold since the divergence of maize and sorghum from a common ancestor about 16 million years ago.
INTRODUCTION
Recent estimates of the size of the 2C maize (Zea mays ssp. mays) genome vary from 49 pg for hybrid Seneca 60 to 5-5 pg for inbred KYS, as measured by Feulgen microdensitometry (Laurie and Bennett, 1985) . These estimates agree with a determination of the 2C genome size of maize inbred Va35 of 5-4 pg by laser flow cytometry and 5-2 pg by Feulgen scanning microdensitometry (Michaelson et al., 1991) . Maize and sorghum (Sorghum bicolor ssp. bicolor) are estimated to have diverged from a common ancestor about 16 million years ago (Gaut and Doebley, 1997 ). Sorghum's genome size has been measured in several lines and ranged between 16 and 1-8 pg for a 2C nucleus (Laurie and Bennett, 1985) . Further, rice (Oryza sativa), a grass with similar morphological and physiological complexity to maize and sorghum, has a genome size of only 0-9-1-0 pg per 2C nucleus (Arumuganathan and Earle, 1991) .
Repetitive sequences may be responsible for the differences in the sizes of these genomes. While simple genomes like that of rice have relatively little repetitive DNA (Deshpande and Ranjekar, 1980; Chen and Bennetzen, 1996) , repetitive DNAs make up the majority of large plant genomes (Flavell et al., 1974) . Repetitive DNAs may be subdivided into two broad classes-tandem arrays and interspersed repeats (Lapitan, 1992) . Tandemly repeated sequences include telomeric, subtelomeric and centromeric repeats, ribosomal RNA genes and satellite DNAs. These tandem arrays are likely to have arisen by replication slippage (in the case of small tandem repeats such as simple sequence repeats) or unequal recombination events. The second class, interspersed repeats, might sometimes be small translocated chromosome segments, but most are active or defective transposable elements. It is likely that there is considerable interplay between the two broad classes of repetitive DNA. That is, many tandemly repeated DNAs 0305-7364/98/0A0037 + 08 $30.00/0 may be composed of the remnants of transposable elements and transposable elements may provide sites of homology, upstream or downstream of a gene, that become the sites of unequal recombinations that create a tandemly duplicated gene.
Transposable elements are characterized by their ability to catalyse their own movement, and often this movement results in an increase in their copy number. Many types of transposable elements exist, but retroelements are the most abundant type in plant species with large genomes (Bennetzen, 1996) .
Elements that transpose via a DNA intermediate may be grouped into families according to their ability to transactivate the transposition of another element. This is usually associated with the specific recognition of the identical inverted termini of autonomous (e.g. Ac or Spm) and defective (e.g. Ds or dspm) elements of a family by the transposase uniquely encoded by the autonomous element of that family. Retroelements are a class of eukaryotic mobile nucleic acids that use another mechanism of transposition, involving reverse transcription of a transcript followed by insertion of the cDNA into the host genome. Retrotransposons are a class of retroelements that are closely related to the animal retroviruses, and are flanked by long terminal repeats (LTRs). It is possible that any retrotransposon can transactivate the transposition of another retrotransposon family member, but this has not been widely studied in plants. Nevertheless, retrotransposons may be classified into families by their sequence similarity. Because the sequences of the long terminal repeats are quite variable, we have used a criterion of 50 % nucleotide identity in LTRs to designate retrotransposon families. For example, all PREM-2 (Turcich et al., 1996) LTR sequences show a greater than 50% identity to the LTRs of Ji , and we classify them as members of the same family. PREM-2, however, has LTRs 38
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that are less than 50% identical to the LTRs of Opie, and these are considered members of different families.
Detailed studies of the structure of the maize genome require the use of large insert clones, such as yeast artificial chromosome (YAC) inserts (Edwards et al., 1992) , that can carry a segment of the genome containing both genes and repetitive DNA. A YAC containing the maize adhl region (Springer, Edwards and Bennetzen, 1994) was divided into approximately 120 ordered fragments by subcloning and restriction digestion. This contiguous array of fragments, called the maize adhl contig, was hybridized with labelled genomic maize DNA to grossly characterize the copy number of each fragment. To further examine this structure, each of the highly repetitive fragments (copy numbers greater than 1000 per haploid genome) was used as a hybridizational probe to the entire adhl contig . Many fragments hybridized to several fragments in the contig. Over 50 % of the other highly repetitive DNAs found upstream or downstream of known maize genes ) also hybridized to fragments in the contig. This suggested that these abundant repetitive DNAs were highly dispersed about the maize genome, and that the maize adhl contig contained a representative portion of the maize genome .
MATERIALS AND METHODS
To facilitate sequencing, y mutagenesis and subsequent mapping were performed basically as described elsewhere (Strathmann et al., 1991) , except where noted here. A recipient strain was constructed by plating 1 ml of an overnight culture of DH5a (BRL) on media containing 20, g ml -' of rifampicin. A DMSO stock was made of one of the resulting colonies and this strain was named DH5arifR. Donor strains were constructed by transforming subclones to be sequenced into XL-1 Blue, an F plasmidcontaining strain (Stratagene). Conjugations were performed by mixing 100, l of overnight cultures of a donor and the recipient strain into 2 ml of LB liquid media. These conjugation cultures were incubated for 1-4 h at 37 °C, with or without gentle shaking. The conjugation cultures were plated on media containing antibiotics: 100 tg ml -ampicillin, 100, g ml -' methicillin, 25 g ml-l naladixic acid and 60 /tg ml-rifampicin, and were grown overnight. Usually, each of the resulting colonies contained an independent ya insertion event. The positions of y6 insertions were mapped with restriction enzymes-usually including NotI (that cuts the insert from the vector) and BsiWI (that cuts in y's inverted repeats). Thermal cycle sequencing reactions were performed using CyS-labelled primers and a ThermoSequenase kit (Amersham). Sequencing reactions were run on an AlfExpress sequencer (Pharmacia). All antibiotics were obtained from Sigma and all restriction enzymes were from New England Biolabs.
Sequence database searches were performed using BLAST 2.0 (Altschul et al., 1997) to EMBL and GenBank databases (Benson et al., 1997) . Sequence contig assembly and LTR sequence alignments were performed with the UWGCG programs, GAP and GELMERGE (Devereux, Haeberli and Smithies, 1984) , respectively. Other molecular analyses of the DNA used for this study were performed as previously described Avramova et al., 1996; Chen et al., 1997) .
RESULTS AND DISCUSSION
Further study of the adhl contig revealed that all of the highly repetitive DNAs were actually parts of retrotransposons . More surprisingly, the adhl contig was not a chaotic mixture of retrotransposon parts of indeterminate origin but consisted of largely intact retrotransposons nested one inside another from successive transposition events. Thus far, 23 members of 11 retrotransposon families have been uncovered in this region (Fig.  1 , Table 1 ). This corresponds to a minimum of 170 kb of retrotransposons in this 240 kb region.
The adhl-orthologous region has been cloned and partially characterized from sorghum . None of these 23 retrotransposons were found in this region in sorghum . This indicates that these elements appeared in the maize region and/or disappeared from the orthologous sorghum segment in the approx. 16 million years since these two species diverged from a common ancestor (Gaut and Doebley, 1997) . Given that retrotransposons transpose by duplication, without excision of the donor copy, their movement would always cause some genome expansion. A similarly active mechanism for removal of retrotransposons interspersed with genes has not been previously observed in plants (Bennetzen and Kellogg, 1997) .
There are two obvious mechanisms whereby DNA composed of retrotransposons could be removed, albeit not precisely. An unequal recombination event between the LTRs of a retrotransposon will result in the deletion of an LTR equivalent and all internal sequence. What remains is called a solo LTR. Two Ji elements in the contig are solo LTRs (Fig. 1, Table 1 ). A solo Leviathan LTR lurks between al-a and al-b in the sh2-al region of sorghum (Chen et al., 1997) . The second mechanism would involve deletions not due to unequal crossovers between LTRs. These deletions could be either small (a few kb or less) or large, so long as they usually did not delete the genes intermixed with the repeat blocks.
How common are these 'erosive' deletions? To address this question, we analysed the 70 kb region 5' of adhl in the contig. This area is composed of eight retrotransposons, all but one of which (Cinful-2) form a single cluster of insertions into the retrotransposon Rle (Fig. 1) . A132, A70, A98 and A35, subclones of the maize YAC 334b7 (Edwards et al., 1992) , overlap each other to form a contig of some 45 kb of DNA 5' of adhl (Springer, 1992) . The NotI fragments containing the entire insert of these A clones were subcloned into the NotI site of pBluescriptKS. Each subclone was subjected to y mutagenesis to facilitate sequencing. The sequence of the two elements, Rle and Tekay, at the 'bottom' of the cluster was determined (GenBank accessions # AF057037 and AF050455, respectively). Tekay is a 12 118 bp gypsy/Ty3-type element. The LTRs of this element share 50% sequence identity with PREM-IE, a member of a family of maize retrotransposons identified Retrotransposon names are placed to the right of unbroken elements or above the insertion arrow of broken elements. Vertical arrows represent the directions of transcription of adhl and two other loci (probably genes), u22 and psg (Bennetzen et al., 1998) .
only as partial LTRs (Turcich and Mascarenhas, 1994) . We identified Rle by its 61% sequence identity with the maize retrotransposon named Reina and it is also of the gypsy/Ty3 class. One or both of Rle's LTRs have been deleted. Cinful-2 is a retrotransposon immediately 5' to Adhl and adjacent to Rle. Cinful-2 shows extensive homology to Cinful-l of maize , including a 5' LTR that shares 57 % nucleotide identity with Cinful-l's 5' LTR. Cinful-2 has no 3' LTR.
As Rle has no obvious 5' LTR, it is difficult to ascertain a boundary between Cinful-2 and Rle. A single deletion may have removed the 3' end of Cinful-2 and the 5' end of Rle.
Such an event is plausible, as other deletions are visible in this region. Opie-l displays a 25 kb deletion that has obliterated a portion of its internal sequence and the 5' 261 bp of its 3' LTR (data not shown). Tekay evidently has a similar deletion because the 5' 252 bases of its 3' LTR are missing. Also, 256 bp and 205 bp deletions are apparent in Tekay's 3' LTR. Grande-zml has most of its pol region deleted (data not shown). Thus, it appears that erosive deletions are common enough that, if retrotransposons no longer insert into this cluster and the deletions continue, eventually the cluster would disappear. However, this mechanism could be overwhelmed by a robust frequency of 39 Milt and Kake elements are presumed to be retrotransposons due to their possessing LTRs. S, identified by sequence similarity; H, identified by hybridization to fragments of the adhI contig.
transpositions. Each transposition could tend to produce a vicious circle of more transpositions by creating more master copies to fuel ensuing generations of transposition.
While, in principle, it is possible that the maize and sorghum genomes differ in size because the retrotransposons present in maize were deleted in sorghum, we do not believe that this is the case for two reasons. First, different retrotransposons (or the restriction sites contained therein) flank adhl-F and other adhl alleles (Johns, Strommer and Freeling, 1983; Sachs et al., 1986; Bennetzen et al., 1994) though these alleles diverged only about 2 million years ago (Gaut and Clegg, 1991) . Second, the insertion sites of Milt, Fourf and Victim in sorghum (Fig. 2) show no evidence of ever having hosted a retrotransposon. Were these elements removed by unequal recombination between their LTRs or erosive deletions, evidence of this should be present. Instead, at least in these three cases, the empty insertion sites appear intact in sorghum.
A similar increase in the physical distance between loci seen in the maize adhl region compared to the sorghum adhl region has apparently occurred in the sh2 and al regions of maize and sorghum. These two genes are 140 kb apart in maize (Civardi et al., 1994) while they are approx. 20 kb apart in sorghum (Chen et al., 1997) . While these are only two examples, they are the only two that have been investigated to date.
Does the adhl region adequately model the rest of the maize genome in its content of highly repetitive retrotransposons? One study examined the dispersion of four highly repetitive fragments of DNA subcloned from the ends of maize YACs. The sequences of these Zea mays High Copy Repeats (ZHCRs) indicated that they were entirely composed of parts of retrotransposons identified in the adhl contig . ZHCR1 and ZHCR4 were fragments of Opie elements present on 65 and 63 %, respectively, of a sampling of Edward's YAC library. ZHCR2, the junction of a Huck element inserted into the internal portion of a Ji element, was found on 50% of these YACs. ZHCR3, present on 62 % of maize YACs, was also an insertion junction; in this FIG. 2 . Insertion sites of three retrotransposons in maize and corresponding empty sites in sorghum. A white outline surrounds the sequence duplicated in maize by the insertion of the retrotransposon indicated by the labelled arrow. Only one copy of the duplication is shown. In the case of Victim, whose target site duplications differ by a single base, the 3' site is shown. All sequence is presented in the same orientation as the direction of transcription of adhl-F. Dots indicate gaps introduced into the sequence to facilitate alignment. All genes are from maize except where noted otherwise. GapC4, Glyceraldehyde-3-phosphate dehydrogenase; Zc2, 28 kD glutelin-2; S, identified by sequence similarity; H, identified by hybridization to fragments of the adhl contig. ARS, Autonomously replicating sequence. Zeon-I and Cinl are Cinful family members.
case the junction of one Ji element inserted in another. Together, these four fragments hybridized to 80% of the clones from a sampling of YACs in the library. The 20 % of maize YACs that did not hybridize were found to contain chloroplast sequences, knob heterochromatin, centromeric sequences or rDNA or to have inserts of less than 50 kb. Further, in situ hybridization of ZHCR4 to a maize chromosome spread displayed hybridization to all areas of all chromosomes except the nuclear organizer. This evidence indicates that Opie and Ji are dispersed throughout the maize genome.
The retrotransposon junctions revealed in the sequences of ZHCR2 and ZHCR3 suggest that the nested structure of retrotransposons seen in the adhl region is common elsewhere in the maize genome. Several other instances of this phenomenon provide evidence that supports this claim. A maize retrotransposon, PREM-2, was discovered (Turcich et al., 1996) as a retrotransposon that had inserted into the LTR of an unrelated retrotransposon, PREM-I (Turcich and Mascarenhas, 1994) . Two fragments of highly repetitive DNA downstream from the maize adhl-S allele hybridized, respectively, to retrotransposons Tekay and Ji, suggesting a Tekay element had inserted 3' to the gene and that a Ji element had inserted into it . Two other instances of this phenomenon have been observed in the close maize relative, Zea diploperennis, where Grandel-4 inserted into a gypsy-like retrotransposon and Grandel-7 inserted into a Cinl-like retrotransposon (Vicient and Martinez-Izquierdo, 1997 ). This nesting phenomenon may be common in other species, as it has also been found to occur in yeast (Saccharomyces cerevisiae) (Voytas, 1996) . Table 2 provides a summary of the evidence that several of the highly repetitive retrotransposons of the adhl contig are dispersed throughout the genome. Most maize DNA sequences in the databases are genes, not the repetitive DNA found between genes. Retrotransposons may comprise a majority of the maize genome but gene sequencing has only rarely uncovered homologies to these elements . This and the observation that none of these highly repetitive retrotransposons have been found associated with a mutation event, such as the knock-out of a gene, suggests that they avoid genes. Thus, the designation 'intergene retrotransposons' seems appropriate.
One might argue that these retrotransposons do hit genes but individuals in which this has occurred are selected against. But this selective pressure might also have acted directly upon the behaviour of high copy-number (or those with the capacity to become high copy-number) elements. These elements may have evolved to avoid inserting in genes. One method of avoiding genes would be to target other retrotransposons. Figure 1 shows that 13 of the 23 retrotransposons in the adhl region have landed in other retrotransposons. The high ratio of DNA composed of elements to DNA composed of genes in the maize adhl contig make it difficult to address statistically whether retrotransposons are specifically targeting other retrotransposons. But of the 13 retrotransposons that inserted into sequences known to be other retrotransposons, eight 41 Note that because Rle has no identified LTRs, the insertion of Tekay into it is not considered here.
inserted into LTRs-significantly more (X 2 = 21.0, P = 0004) than would be expected had they landed randomly ( Table 3 ). Given that these retrotransposons were apparently able to target the LTRs of the retrotransposons into which they inserted, it seems likely that they might also preferentially insert into other retrotransposons rather than genes. It should be noted that not all retrotransposons are intergene retrotransposons. Those low copy-number retrotransposons that have been cloned as a result of their inserting into and inactivating a gene [for example, Bsl (Johns, Mottinger and Freeling, 1985; Jin and Bennetzen, 1989) , Hopscotch (White, Habera and Wessler, 1994) , Stonor (Marillonnet and Wessler, 1997) and Tntl (Grandbastien, Spielmann and Caboche, 1989) ] could not be considered intergene retrotransposons.
Copy numbers for the retrotransposons found in the adhl contig can be estimated by hybridizational techniques or by inference from the number in the adhl contig to the number expected in the rest of the genome (Table 4 ). The copy number of Ji/PREM-2 was independently estimated by both of these methods. The adhl contig includes 240 kb of DNA. This can be conveniently thought of as 1/10 000th of the maize genome. Thus, there are four full copies of Ji in the adhl contig so one may estimate that there are about 40000 in the entire maize genome. This number is obviously subject to sampling error but it agrees fairly well with three independent measures of Ji's copy number by hybridization (see Table 4 ).
Retrotransposons with copy numbers from 10 to 1000 make up 16% of the DNA in the adhl contig. Calculating the copy numbers of these elements based directly on their number in the adhl contig is inappropriate. However, it is reasonable to assume that low-to-middle copy-number retrotransposons will make a similar contribution to the composition of other areas of the genome. That is, while there are only approx. ten copies of Reina in the entire maize genome, any given 240 kb segment of the genome is likely to have a representative of some tencopy retrotransposon family, on average. Thus, because seven low-to-middle copy-number retrotransposons were identified in the 240 kb that make up the adhl contig, one may expect there are 70000 such low-to-middle copy- Having estimated the numbers of each of these retrotransposons in the maize genome one may further estimate the percent of the maize genome that they contribute (Table  5 ). Our results suggest that 33-62 % of the maize genome is composed of high copy-number retrotransposons found in the adhI contig and that 49-78 % of the maize genome is composed of high, medium and low copy-number retrotransposons. Is this a recent occurrence? The genome size of sorghum has been estimated to be 16-18 pg in a 2C nucleus (Laurie and Bennett, 1985) or less than one-third that of maize. Maize and sorghum are estimated to have diverged from a common ancestor some 16 million years ago (Gaut and Doebley, 1997) . Analysis of the adhl-orthologous region of sorghum revealed a similar structure among most of the low copy-number DNA but, as mentioned above, no evidence that any of the retrotransposons present in maize were present in the same region in sorghum . Together, these factors strongly suggest that much of the difference in genome size between sorghum and maize is the result of retrotransposon amplifications in maize that have recently tripled the size of its genome.
